In this work the LiHF(A,B,BЈ←X) electronic spectrum is simulated and compared with the experimental one obtained by Hudson et al. ͓J. Chem. Phys. 113, 9897 ͑2000͔͒. High level ab initio calculations of three 2 AЈ and one 2 AЉ electronic states have been performed using a new atomic basis set and for a large number of nuclear configurations ͑about 6000͒. Four analytic global potential energy surfaces have been fitted. The spectrum involved very excited rovibrational states, close to the first dissociation limit, at high total angular momentum. Two different methods have been used, one based on bound state and the second one on wave packet calculations. Different alternatives have been used to simulate the relatively high temperatures involved. The agreement obtained with the experimental spectrum is very good allowing a very simple assignment of the peaks. They are due to bending progressions on the three excited electronic states. A simple model is used in which only rotational degrees of freedom are included, which simulates the spectrum in excellent agreement with the experimental one, providing a nice physical interpretation. Moreover, the remaining theoretical/experimental discrepancies have been attributed to nonadiabatic effects through the extension of this model to a diabatic representation of excited coupled electronic states.
I. INTRODUCTION
Reactivity involves a reordering of the electronic structure when evolving from reactant to products. Even in the case of a single Born-Oppenheimer state, the ground electronic state can be viewed as resulting from the diagonalization of a Hamiltonian matrix represented in a crude basis of the ''diabatic'' electronic states characterized by the asymptotic states of the reactant and product fragments they correlate to. Thus, the barriers appearing in the minimum energy path between reactants and products can be interpreted as a result of a crossing among different electronic states. Such singular region, or transition state, acts as a bottleneck for the reaction, determining the reaction mechanism and many of the properties of the measured magnitudes. However, because in this region the electronic structure suffers a sudden change and nonadiabatic couplings are usually large, it is important to include several states and nonadiabatic effects to understand and simulate the reaction mechanism at electronic level.
For these kind of studies, systems composed by an alkali or alkaline earth atom ͑M͒ with RX halides ͑with X being a halogen atom and RϭH, CH 3 , etc.͒ can be considered as prototypes: the ground electronic state is the result of a crossing between one/several covalent states and one/several ionic states correlating with the M*ϩXR reactants and with the (M ϩ X Ϫ ͒*ϩR products, respectively. Therefore the M*ϩXR→͑M ϩ X Ϫ ͒*ϩR reactions are envisaged as the transfer of an electron of the alkali atom to the halogen atom 1,2 ͑''harpoon'' mechanism͒ at precise configurations, where the curve crossing occurs and it is interesting to determine how nonadiabatic terms affect the reaction dynamics. After the pioneer work of Taylor and Datz, 3 a large amount of experimental cross beams studies on these systems was done in 1960s, 4 the so-called ''alkali age.'' Thus, there is a wealth of experimental information about the influence of the excitation ͑electronic, 5, 6 vibrational, [7] [8] [9] [10] [11] [12] [13] and rotational 14 -17 ͒ of the reactants on these systems under collision conditions. In contrast, there are only a few studies devoted to simulate nonadiabatic effects.
Another important feature of these systems is the presence of van der Waals wells in the entrance channel due to the strong dipole electric fields of the reactants. Thus, it is possible to form the complex among the reactants and promote the system to excited electronic states, and monitor the appearance of reactant and/or products. After the first experiments by Soep and co-workers on Ca-HX systems, 18 -22 there have been several other studies on related systems by the groups of Polanyi, [23] [24] [25] [26] [27] González-Ureña, 28 -30 etc. More recently also time resolved experiments 31, 32 have opened the possibility of following the evolution of the reaction in real time and also to ''control'' the course of the reaction by properly designed excitation pulses. These kind of results provide detailed information about the excited electronic states and about the nonadiabatic couplings governing the transitions between the different electronic states correlating to different final states of products. a͒ Among all these systems LiHF can be considered as a benchmark model system because of its relative simplicity: it has 13 electrons, which allows relatively accurate ab initio calculations, only one single electronic state of LiF products, is one of the lightest systems with three different atoms, and still presents a very rich dynamics. Aside from the experimental problems related to its study, there are several works on the LiϩHF collisions, [33] [34] [35] [36] [37] [38] and the LiHF(A,B,BЈ←X) electronic absorption spectrum has recently been measured by Polanyi and co-workers. 26 On the theoretical side, there is an increasing number of ab initio studies to characterize the potential energy surfaces ͑PESs͒ on the ground [39] [40] [41] [42] [43] and more recently also on the excited 44, 45, 42 electronic states, and many theoretical studies to simulate the collision, using quantum 39,40,46 -49 as well as classical 50, 37 methods on the ground electronic state. Also some theoretical studies have been devoted to the spectroscopic study of the transition state by infrared excitation on the ground electronic state. [51] [52] [53] However, there are only a few and approximate dynamical studies about the nonadiabatic dynamics of this system, especially devoted to the electronic predissociation decay from the excited electronic states. 44, 54, 42 The aim of this work is to fully characterize the electronic absorption spectrum of LiHF(A,B,BЈ←X) recently measured by Polanyi and co-workers. 26 Nonadiabatic dynamics will be left for a forthcoming work. An important accuracy improvement on the PESs is obtained with respect to a previous study. 45 In Sec. II, the ab initio electronic structure calculations will be described and in Sec. III the analytic fits generated to the global PESs will be compared with previous ones, when available. In Sec. IV the methods used to simulate the absorption spectra are briefly described. The results are compared with the experimental spectrum of Polanyi and co-workers 26 and a complete assignment is discussed. Finally, some conclusions are established in Sec. V.
II. AB INITIO ELECTRONIC STRUCTURE CALCULATIONS

A. Electronic basis set, atomic and diatomic energies
The interest of this work focuses on the ground and first excited states of LiHF, correlating to Li calculations consisted of an extended basis for the lithium atom of size (15s,11p,4d,1f )/͓14s,10p,3d,1f ͔, and the aug-cc-pVTZ basis set of Dunning et al. 57, 58 for the hydrogen and fluorine atoms, augmented by several diffuse functions whose exponents were optimized to accurately reproduce excited energies of the lithium atom, as well as ionization potential ͑IP͒ and electron affinities ͑EA͒ of the three atoms. The lithium basis set was obtained by using as a starting point a combination of two different basis sets. For the inner electrons, part of the basis set used by Yarkony to study LiHCl 59 was used, and for the outer ones, the diffuse functions of the basis set of Boutalib and Gadéa. 60 This basis was later optimized to reproduce the excited states of lithium. The atomic spectrum for Li is reproduced in Table I , with a residual error for the excited Rydberg states, IP and EA lower than Ϯ50 cm Ϫ1 . For the fluorine and hydrogen atoms the most important quantities are the EA, shown also in Table I , which in the present calculations have residual errors lower than 150 cm Ϫ1 . The ab initio spectroscopic magnitudes for different electronic states of the LiF, HF, and LiH diatomic fragments show a rather good agreement with the experimental data, especially those magnitudes related to the first excited electronic states more directly involved in the triatomic system under study. 
B. Triatomic ab initio calculations
The excited states, nevertheless, correlate adiabatically with the same reactants limit corresponding to the lithium excited 
and
On the other hand, note that because the excited states share several dissociation limits, there are conical intersections corresponding to the C 2v →C s displacement, which makes the LiHF 2 ⌸ correlate adiabatically with the LiHF 2 AЈ and 2 AЉ. All electronic calculations were carried out using the MOLPRO suite of ab initio programs. 61 The potential energy surfaces, as well as the electric dipole and transition moment functions, have been computed using internally contracted multireference configuration interaction ͑MRCI͒ wave functions 62, 63 with single and double excitations. All configurations that contribute more than 5% to the complete active space self-consistent field ͑CASSCF͒ wave function are used as reference configuration in the MRCI calculation. The Davidson size consistency correction 64 (ϩQ) was applied. State average multiconfiguration ͑SA-MC͒ orbitals were obtained with all the configurations that contribute more than 5% to the state average CASSCF ͑SA-CASSCF͒ and to preliminary MRCIϩQ calculations. The lowest 1aЈ molecular orbital (ϳ1s orbital on fluorine͒ has been kept frozen in all calculations ͑but optimized doubly occupied at the CASSCF͒. In the entrance channel, the four electronic states of interest are well separated from other electronic excited states. However, in the products region the ionic-covalent curve crossing ͑see Figs. 1 and 2͒ causes strong orbital changes and makes difficult the CASSCF optimization. This strong change may lead to discontinuities in the potential energy surfaces. To avoid this problem, in all the calculations, all the configurations contributing for the ground electronic state in any geometry have been included. In addition, all configurations contributing to the excited electronic states in the reactant channel have also been included. After the curve crossing all the excited electronic states correlate with the LiF excited states, which are very high in energy. Therefore, in the energy range of interest, it is not important to Because the number of points of this grid is excessive ͑31 500͒, calculations were performed on a selected subset of about 6 500 points. The selection of the points was based on previous calculations, 45, 44 always keeping the main goal of describing the van der Waals well and the saddle point regions.
C. The LiHF transition dipole moment
The transition electric dipole moments have been calculated using the MRCI wave functions, in the region of interest, being approximately expressed as a simple sum of monodimensional functions as
where X refers to the ground electronic state (X 2 AЈ), and Y to the excited states-A( 2 AЈ), B( 2 AЈ), or BЈ( 2 AЉ). In this expression r and R reactant Jacobi vectors are used, where r is the HF internuclear vector and R joins the HF center-ofmass to the Li atom, with ␥ being the angle between them. A body-fixed frame is used in which the z axis lies along R and the three atoms are in the x -z plane. Finally, ␣ϭx,y,z and d ␣,e XY ϭd ␣ XY (r e ,R e ,␥ e ) corresponds to the minimum of the well of the X( 2 AЈ) state. In Eq. ͑5͒, the monodimensional d ␣,r XY (r) functions have been described by
where the a i ,b i ,c i parameters have been fitted for each XY transition and each Cartesian component ␣, with c i being normally integers. Similar expressions holds for the R and ␥ cases. Note that the calculated transition dipole moments can change sign from one geometry to a different one because of a phase change of one of the wave functions involved. In order to avoid this sign change, we have calculated the overlap between the wave functions at the different geometries, and corrected the sign when necessary.
The transition dipole moments obtained, see Fig. 3 , are important for the three final electronic states according to the usual selection rules imposed by their symmetry: X -A and X -B correspond to transitions in the x -z plane, while the X -BЈ is out of the plane with d y being the only nonzero term. In order to compare with our previous results on the X -A transition dipole moments ͑Fig. 5 of Ref. 44 , where there is a mistake in the tics: ␥ should vary from 60°to 180°i nstead of from 30°to 100°͒, we have selected in Fig. 3 the same sign criteria. If the four states considered here would be approximately described by electronic configurations built as a simple product of a function for lithium atom in the 2 S or 2 P states and the HF( 1 ⌺ ϩ ) functions, the transition selection rule will correspond to those of the isolated lithium atom. In such case, considering a monoelectronic atom, BЈ←X will be the only allowed transition. However, clearly this is not the situation here. The reason is that the electronic structure is much more complicated because of the crossing with the ionic Li ϩ -HF Ϫ configurations, which are the responsible for the A,B←X transitions in the region of the wells. In addition to the avoided curve crossing in Fig. 1 Fig. 4͑b͒ , the potential energy cut along the Jacobi ␥ angle for a configuration near the minimum of the A 2 AЈ electronic state. This cut shows that there is a change in the degenerate states going from one collinear geometry corresponding to Li-F-H ͑␥ϭ180°͒ to the other one F-H-Li ͑␥ϭ0°͒. The treatment of all these crossings and the possible diabatization deserves a very detailed study, which will be done in a forthcoming work.
III. GLOBAL POTENTIAL ENERGY SURFACES
Here each adiabatic PES is fitted independently. Each global PES ͑GPES͒ is obtained using the fitting procedure developed by two of the authors ͑A.A. and M.P.͒, 65 briefly described here. A modified many-body expansion is used:
where several three-body terms (L max Ͼ1) are considered to obtain a better fit. 66 These three-body terms are expanded as
where the variables AB are modified forms of the Rydberg functions,
and similarly for AC and BC . These functions depend on the internuclear distances R AB , R AC , or R BC , and tend to zero when the corresponding distance goes to zero or to infinity. Such behavior avoids the appearance of artificial minima at short distances and makes that the total PES is described, at long distances, by the sum of two-body terms, V AB (2) , and atomic energies, V A . The description of the two-body terms is done by decomposing as V AB ϭV short ϩV long , with
where the AB functions are given in Eq. ͑8͒.
FIG. 4.
One-dimensional cut that shows several conical intersections. ͑a͒ Collinear cut along R LiF with r HF fixed at 1.7 a 0 . ͑b͒ Cut along the Jacoby ␥ angle.
The linear parameters d i jk L and the nonlinear parameters ␤ AB (3)L are determined by fitting the calculated ab initio energies of the above-described triatomic. The diatomic equilibrium distance, dissociation energy, frequency, and anharmonicity constant are compared with those obtained in previous fits of the ground state of the LiHF system and vibrational energies for the ground electronic state of the three diatomic fragments are compared with the ''experimental'' ones, all showing a rather good agreement. The rms error of the four different fits and in different energy ranges is shown in Table  II , being lower than 180 cm Ϫ1 in the energy range of interest in this work.
The fit for each electronic state is done relative to its corresponding LiϩHF asymptote at the minimum of the HF well. The ab initio Li( 2 P← 2 S) excitation energy is larger than the experimental value by Ϸ50 cm Ϫ1 . In order to compare with the experimental spectrum, 26 here we use the experimental value of 14 904 cm Ϫ1 . In addition, several calculations allowed us to estimate the basis set superposition error to be of the order of 100 cm Ϫ1 , for the A state which presents the deepest well. In order to get a better agreement with the experimental spectrum, the GPES for the A state is corrected as follows. Equation ͑6͒ is rewritten as,
where . Also the first electronic excitation of the H or LiF products is so high in energy that the GPESs for the A, B, and BЈ states can be considered to be nonreactive and their main feature is a well in the reactant channel. We shall then describe them separately comparing with the previous available surfaces in the following.
In Fig. 5 several contour plots of the GPES for the LiHF(X 2 AЈ) are shown as a function of the r, R, and ␥ Jacobi coordinates, focusing on the transition state region. The stationary points are shown in Table III and compared with some previous GPES for this state. They all show a well in the entrance channel, Ϸ2000 cm Ϫ1 deep at Ϸ110°, a late barrier, with the HF distance rather elongated with respect to the free HF equilibrium distance, and a rather shallow well in the HϩLiF products channel. All the surfaces used in Table  III show a very good qualitative agreement, but it is notorious the excellent agreement with the nowadays more accurate APW-GPES produced for LiHF(X), 43 and with the PESs 53 To check the accuracy of the X-GPES for reactive collisions, which are very sensitive to the details of the potential, preliminary wave packet calculations have been made for LiϩHF(vϭ0,1) reactive cross sections, obtaining results in rather good agreement with those performed using the APW-GPES. 43 Figure 6 shows contour plots of the X, A, B, and BЈ electronic states of LiHF with r fixed at the corresponding equilibrium distances ͑see Table III͒ , being xϭR cos ␥ and yϭR sin ␥. All the states present a rather similar r e , being slightly larger than that of the free HF. The well of the A state being the deepest one also presents a longer r e . The equilibrium R e values, however, are shorter for the A state, being rather similar among the rest of the electronic states. Nevertheless, all the radial equilibrium distances are rather similar among the different electronic states. The larger difference arises among the angular dependence of each PES. The equilibrium angles are 110°, 125°, 150°, and 130°for the X, A, B, and BЈ electronic states, respectively. Such differences have important implications in the spectrum, as will be discussed in the following. Another striking feature is the small dependence of the PES as a function of the angle between the equilibrium angle and 180°. Such situation is especially apparent for the first excited state (A 2 AЈ), as shown in Fig. 4͑b͒ : the difference between the minimum at 130°and at 120°is only of 0.5 cm Ϫ1 , increasing up to about 100 cm Ϫ1 for 180°. The stationary points of the A state are in rather good agreement with those of Jasper et al., 42 presenting a less deep well than the present one. These authors do not report analytical fits of the B and BЈ states, and there is no detailed description of these surfaces. Some semiquantitative idea of those two PESs can be extracted from Figs. 8 to 11 of Ref. 42 . A cut for Li-F-H bond angle of 110°and r HF ϭ1.73 a.u., in Fig. 10 of Ref. 42 , the BЈ well seems to be nearly as deep as that of the A state. By contrast, in this work the BЈ curve is in between the A and B potential curves, at that configuration. We have performed several calculations changing the atomic basis set, the chosen configurations, etc., and the relative position of the PESs remained nearly constant with the results described earlier in this work. In addition, the B and BЈ PESs of Ref. 42 were obtained with a reduced number of configurations, as compared with the number used for the X and A states. Without more knowledge about the calculations of Ref. 42 and the extensive analysis performed in this work, we have to conclude that our results are essentially correct.
The GPESs obtained in this work are considerably improved with respect to the previous work for the A 44 and B and BЈ states: 45 the ab initio calculations are more accurate ͑because the improvement in the atomic basis set and the electronic configuration selected͒, the number of calculated points is larger, and the quality of the fit is also better. Four different files containing the fits, as FORTRAN subroutines, for the electronic states here considered are placed in the electronic depository EPAPS.
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IV. SPECTRA CALCULATIONS
A. Bound state calculations
Using reactant Jacobi coordinates in a body-fixed frame, as described earlier, the bound eigenstates for each of these four electronic states, ␣, with ␣ϭX, A, B, and BЈ, are expanded as
where the angular functions, defined as
correspond to a well-defined total angular momentum, J, and parity under inversion of spatial coordinates, ⑀. M and ⍀ are the projections of the total angular momentum in the spacefixed and body-fixed frames, respectively. D M ,⍀ J * are Wigner rotation matrices, Y j,⍀ are normalized associated Legendre functions, 68 and ␣, electronic wave functions ͑with eigenvalue of the xz bf operator, the reflection through the bodyfixed x -z plane͒.
The potential-optimized v (r) and s (R) radial basis set functions in Eq. ͑11͒ are solutions of a one-dimensional Hamiltonian obtained numerically using some reference potential. The reference potential corresponds to the equilibrium configuration of all coordinates except that of interest. The HF stretch is by far the largest one for the two states ͑being Ϸ3500 and 2650 cm Ϫ1 for the X, B, BЈ, and A states, respectively, while it is 4000 for free HF͒, and only a few functions are required to get a good convergence ͑here v ϭ0, . . . ,6 were used͒. The frequency of the R mode is much lower and many more functions are needed. The number of s (R) radial functions obtained with a single reference potential is insufficient to converge the calculation of very excited states, close to the dissociation limit. To avoid this problem, several reference potentials are used, and the corresponding functions are orthonormalized. Basis set functions are added to converge eigenvalues up to Ϫ1000 cm Ϫ1 in the A state and up to 2048 cm Ϫ1 for the B and BЈ states ͓being 2048 cm Ϫ1 the first Li( 2 P)ϩHF(vϭ0) dissociation energy͔ so that the error is better than 1 -2 cm Ϫ1 ). In the
FIG. 6. Contour plots of the LiHF PESs for the X, A, B,
and BЈ states in the vicinity of the reactant channel well with the HF distance r frozen to its equilibrium distance. xϭR cos ␥ and yϭR sin ␥. The energy contours are Ϫ5000, Ϫ4000, Ϫ3000, Ϫ1500, Ϫ1000, and 5000 cm Ϫ1 , referred to the minimum of HF well in the corresponding LiϩHF asymptote, and distances in Å.
following, a comparison with wave packet calculations will also serve as a test of the convergence of these calculations.
In Table IV the first energy levels for the four electronic states and Jϭ0 are shown together with their assignment, and the contour plots of the wave functions for some of them are shown in Fig. 7 . Approximated quantum numbers, (v,n,b) are given which correspond to the HF vibration, Li-HF stretching, and Li-HF bending, respectively, and are extracted from the analysis of the wave functions ͑see Fig. 7͒ .
Concerning the ground electronic state, the first experimental evidence of the relatively deep well, of Ϸ2400 cm Ϫ1 , in the entrance channel was provided by Loesch and Stienkemeier 36 from backward glory scattering. The spec- troscopy experiments from this well, performed by Polanyi and co-workers, 26 confirm its existence and its simulation is the subject of this work. This well appeared in nearly all ab initio calculations and nearly at the same position, with slightly different dissociation energies. 39 53 obtained values of D 0 Ϸ1855-2033, R Ϸ315-363, and ␥ Ϸ362-395 using different PESs. In this work, using the new PES, we obtain D 0 Ϸ1729, R Ϸ365, and ␥ Ϸ296, which are in rather good agreement with the previous values but also with the most accurate PES on the LiHF(X). 43 There are few number of works on the A electronic bound states. To our knowledge, there are only the adiabatic PES of Aguado et al. 44 and coupled quasidiabatic PESs by Jasper et al. 42 In this last surface there is no calculated bound state and, as discussed earlier, the LiHF(A) PES of Ref. 44 has an equilibrium angle of 180°while the present one is of Ϸ125°. However, and because the new and old LiHF(A) PESs present a very weak dependence with the angle, the states are very similar and present a very similar structure when we compare the corresponding panels of Fig. 7 with those of Fig. 4 of Ref. 44 . In the two cases the ␥ is nearly half that of R so that the first excitation in R, ͑0,1,0͒, interacts strongly with the second excitation in ␥, ͑0,0,2͒: odd bending excitations are well separated and can be clearly distinguished, while even bending excitations always interact with a stretching level, giving rise to a couple of mixed bending/stretching states. The frequencies associated with each vibrational mode are, approximately, ␥ Ϸ202 cm Ϫ1 , R Ϸ526 cm Ϫ1 , and r Ϸ3000 cm Ϫ1 , reduced from that of free HF (Ϸ4000 cm Ϫ1 ) and that estimated for the LiHF(X) (Ϸ3500 cm Ϫ1 ). The only previous PESs for the B and BЈ states are those of Ref. 45 and they are improved substantially here. These two surfaces must be degenerate at collinear configurations, but at bent geometries they differ substantially. Also these surfaces are quite anharmonic. The most striking thing is that there are states very excited in bending and not in stretching, indicating that this motion is pretty well separated from the others not only up to the energies shown but nearly up to dissociation, which is clearly not the case in the X and A states. Not only, while the R decreases slightly with increasing energy, the energy separation among those states with pure bending excitation increases, see Table V . Such states will have important implications in the spectrum, as we will see in the following and deserve some special attention.
If the potential shows a well, the bending eigenvectors usually show the typical vibrational energy spacing decrease with increasing energy. In contrast, in a free rotation, the rotational energy is B j( jϩ1), so that the energy spacing increases with energy. The real situation is somehow intermediate, as can be seen in Fig. 8 , where the potential is shown for r and R frozen to their equilibrium values, which is a rather good approximation because of the net separation among the different modes. As a result, the energy difference between these pure bending eigenvectors, also shown in Fig.  8 , increases. In fact, the energy spacings between different (0,0,b) bending excitations of the B and BЈ states compared with those quantities obtained using this simplified model, in Table V , are very good, up to bϭ5. From this level, the first dissociation energy, Li( 2 P)ϩHF(vϭ0), opens and the 
where the A vs j⍀ J⑀␣k are the coefficients of the bound state in Eq. ͑11͒ and linearly polarized light has been assumed, so that M ϭM Ј and S is independent of the particular M value. In Eq. ͑12͒
and the M q,␣␣ Ј vs j⍀,vЈsЈ jЈ⍀Ј matrix elements ͑with qϭ⍀Ϫ⍀Ј and ͉q͉р1) are given by
͑13͒
where d q XA (r,R,␥) are the tensorial components of the transition electric dipole moments between the X and A,B,BЈ electronic states referred to the body-fixed frame, obtained from those expressed in Cartesian coordinates in Eq. ͑5͒.
For low J, the projection of the total angular momentum on the z body-fixed axis, ⍀, is a rather good quantum number. As an example, for Jϭ1, there is always one dominant value of ⍀ with a weight larger than 99%. As J increases, the Coriolis coupling becomes more efficient and this clear assignment is no longer valid. For Jϭ10 there is an important mixing, but there is always one ⍀ with a dominant contribution larger than 50%. For these high J the total number of basis set functions increases so much that variational methods cannot be used to diagonalize the Hamiltonian matrix. Instead, we use an iterative procedure based on the Lanczos algorithm 70 in two steps. The eigenvalues are obtained with a non-orthogonal Lanczos procedure following the method of Cullum and Willoughby. 71 The eigenstates are then obtained iteratively using the conjugate gradient method. 72, 73 This method is rather efficient for low excitation. However, it becomes very time consuming when states near the dissociation limits are required, as is the case here. Moreover, if resonances above this limit are reached, this method is no longer valid and some alternative methods should be used.
B. Wave packet method and spectra simulations
This method does not only allow one to calculate resonances, but also facilitates the calculation of highly excited bound states, which becomes very difficult to calculate using standard bound state methods. The wave packet method uses grids which can be increased as desired without having to store and diagonalize large matrices.
Using a first-order perturbation treatment, the total absorption cross section for the absorption from with បϭEϪE i and where the initial wave packet is defined as 52 ⌿ k␣
where e is the polarization vector of the incident photon and d is the electric dipole transition moment for the desired electronic transitions. The price to pay using wave packet methods is that the propagation should be performed up to very long times, infinity in principle, to resolve completely the structure dealing with bound states. To overcome this difficulty, each transition will be ''dressed'' by a Lorentzian function, characterized by a half-width at half-maximum ⌫, as done previously for Na-HF 74 and Li-HF. 75 The width corresponds to electronic predissociation broadening and, also, would simulate the rotational broadening of the spectrum. This last broadening must be considered because of the relatively high rotational temperature of the Li-HF complex obtained experimentally in the cross beams. 25, 26 In the present treatment the inclusion of the width is performed by multiplying the autocorrelation function by a decaying exponential such that the expression of the spectrum associated with a single transition, in Eq. ͑14͒, transforms to
ϫ͗⌿ k␣ JЈ⑀Ј␣Ј ͑ r,R,tϭ0 ͉͒⌿ k␣ JЈ⑀Ј␣Ј ͑ r,R,t ͒͘,
͑16͒
which allows one to stop the propagation at shorter times. In this work the maximum time considered has been 20 ps for JϽ3 and 5 ps for higher J's. The details of the calculation can be found elsewhere. 41, 48, 52 Here convergence was obtained with a radial grid in r,R composed by 32ϫ128, with 0.45рrр2 Å and 0.5рRр12 Å, and 30 Gauss-Legendre points for the angle ␥. Finally, all possible ⍀ projections are included in the calculations.
To interpret the absorption spectrum we start with the simplest transitions: A,B and BЈ Jϭ0←X,Jϭ1. For the cases of A and B, the transitions considered
For BЈ state, because of its AЉ symmetry the total parity changes, and the transitions are BЈ, J ϭ0(v,n,b,⍀ϭ0 Ϫ )←X,Jϭ1(0,0,0,1 ϩ ). The peaks appearing in the spectrum, in Fig. 9 are labeled with the ordering quantum number. After inspection of Table IV it can be seen that in nearly all the cases, the peaks correspond to different bending excitation levels for the three final excited electronic states. In the rest of the cases, the levels are pretty close to excited bending levels. In fact in such situations, there is an interaction between pure zero-order stretching and bending levels which give rise to ''mixed'' states. Therefore, the oscillator strength is borrowed by the pure bending zero-order component. This result can be understood by the topology of the different PESs near the wells, as discussed earlier. The equilibrium distances are nearly the same in the four cases, the major difference being the equilibrium angle. As a consequence, since the dipole transition moment does not strongly vary in the Frank-Condon region, only pure bending excitation states present appreciable overlap with the ground initial state.
It should be noted that the agreement between bound state and wave-packet calculations is excellent up to Li( 2 P)ϩHF(vϭ0) dissociation limit. The peaks appearing in the B state above this dissociation limit, correspond to resonances and do not appear in the bound state calculation. For this reason in the theoretical spectrum obtained using bound state calculations presented in the following there is no appreciable absorption intensity below 600 nm while the experimental one still shows several relevant peaks.
In order to assign those peaks, the bound components n (0) of the associated resonances is approximately extracted from the wave packet calculations 76, 77, 52 as
where E n and ⌫ n are the approximate position and width of each resonance, respectively, and here ⌫ n is taken as 1 cm
Ϫ1
for all of them. In Fig. 10 the contour plot of the probability density of each resonance labeled in Fig. 9 is shown. For those peaks below the first dissociation limit, the structure is in perfect agreement with that of the bound state calculations in Fig. 7 , and correspond to a bending progression with no stretching excitation, either in r or R, as discussed earlier.
For energies above the Li( 2 P)ϩHF(vϭ0) threshold, this bending progression is continued, so that also those peaks below 600 nm can be assigned. Moreover, such net separation between the bending and stretching modes justifies why those resonances are so long-lived: after more than 20 ps of propagation there is no significant fragmentation toward the Li( 2 P)ϩHF(vϭ0) channel. Because the simple Jϭ0←Jϭ1 rotational transition considered in Fig. 9 , for the case of A and B electronic states, only bound states with ⍀ϭ0 are considered, i.e., only parallel transitions are included. When higher angular momentum are included, these transitions split in two, one parallel and the other perpendicular. For the BЈ←X, however, only the perpendicular transitions are possible. As a consequence, several rotational transitions must be included to better simulate the spectrum. Moreover, in Fig. 9 only the Table  IV , where the assignment can be found ͑see also Fig. 7͒.   FIG. 10 . Contour plots of the probability density associated to the bound states and resonances obtained using the wave-packet method for Li-HF (B,Jϭ0). Each number corresponds to those used in Fig. 9 to label the peaks of the spectrum. Distances in Å.
ground vibrational state is considered. However, the experimental spectrum of Hudson et al. 26 is obtained at high vibrational and rotational temperatures. Therefore, to better simulate the spectrum transitions from different vibrational states of the X state should be included, assuming a Boltzman distribution. These two facts are included in the simulated spectra presented in Fig. 11 . In Fig. 11͑a͒ , all transitions from X, Jϭ0, 1, and 2 to A,B,BЈ JЈϭ0, 1, 2, and 3 are considered using Eq. ͑12͒, for which bound states have been calculated to energies close to the dissociation energy for each of the four electronic states. In Fig. 11͑b͒ , the transitions from X,Jϭ10,⑀ϭϪ1, nϭ1,2, . . . ,10 to A,B,BЈ,Jϭ9, 10, and 11, that involve 30 different wave packet calculations are reported. The peaks of the A band ͑above 850 nm͒ are pretty well reproduced, and also those appearing below 700 nm, which essentially correspond to the B state. The intermediate region, between 700 and 850 nm, is the worst reproduced, having contributions from the three electronic states. In particular, the intensity is too high about 740 nm and too low between 750 and 800 nm. The intensity at 740 nm decreases with increasing J, while the contribution of the A state about this wavelength increases.
At the high temperatures obtained in the experimental spectrum, Ϸ200-300 K, pretty high total angular momentum ͑up to Jϭ30 or more͒ must be included, and also high vibrational states of the initial Li-HF(X) complex. It is then interesting to address the question of whether or not the intensity discrepancies between 750 and 800 nm can be solved by properly accounting for the average over the initial state distribution. ''Exact'' calculations of the bound states at high total angular momentum are feasible but it is very difficult to converge eigenstates close to the dissociation threshold. On the other side, the wave packet method would require a large number of independent calculations. As an alternative, approximated bound calculations have been performed neglecting the Coriolis coupling term ͑centrifugal sudden approximation͒ so that for a given J, 2Jϩ1 independent calculations have to be performed for each ⍀ projection, individually. In this approach, bound state calculations have been performed for Jϭ0,1,2, . . . ,30 for the four electronic states and for ⍀ϭ0,1, . . . ,7. Individual transitions, calculated using Eq. ͑12͒, are ''dressed'' with a Lorentzian of variable width. The average of different temperature of the complexes is performed assuming a Boltzmann distribution. Such simulations are presented in Fig. 12 for several temperatures and widths. As in the previous case, increasing the temperature the intensity spreads and around 730 nm it decreases, improving the agreement with the experimental results. However, the effect does not seem to be enough.
C. Nonadiabatic effects and interpretation of the spectrum
There are several reasons which could explain this disagreement. First of all, the transition dipole moment could be too large between the X and BЈ states. However, several results at different levels of calculations and basis sets indicates that our results are rather insensitive to those factors.
Second, the ab initio energies and the global fits. In particular that of the BЈ state. Previous calculations by Jasper et al. 42 reported ab initio points for the BЈ state very close to those of the A state. If so, the band corresponding to the BЈ state would shift toward larger wavelengths, but probably too much. However, in the present calculations it was not possible to obtain such results, as discussed earlier. Also, it could be the slope of the PESs around the Frank-Condon region. In this direction, detailed ab initio calculations have been performed in this region and several parametrization of the fits, obtaining pretty similar results to those reported here.
A third reason could be the nonadiabatic couplings among the four electronic states. In the simulated spectra a single width has been assumed for all the states. However, preliminary calculations 78 using a time-dependent GoldenRule approach 79 in an adiabatic representation for which nonadiabatic couplings have been calculated, indicate that FIG. 11 . Absorption spectra for the ͑a͒ A,B or BЈ,JЈ ϭ0,1,2,3←X,Jϭ0,1,2 transitions simulated using Eq. ͑12͒ and ͑b͒ A,B or BЈ,JЈϭ9,10,11←X,Jϭ10,⑀ϭϪ1 transitions simulated using the wave packet method. A vibrational temperature of 250 K. Each transition has been dressed with a Lorentzian with a width of 10 cm Ϫ1 . In the top panels the simulated total spectra are compared with the experimental result of Ref. 26 . In the bottom panels the individual contribution to the three final electronic states is presented.
the electronic predissociation ͑EP͒ rates are very much dependent on the vibrational and mainly on the electronic state. The rates for the A state are rather large, of the order of few wave numbers, one order of magnitude larger than the semiclassical estimate by Jasper et al. 54 in which a quasidiabatic X -A model potential is used without calculating nonadiabatic couplings. The situation of the B and BЈ states is rather different, because their couplings with the ground electronic state is either negligible or vanish. However, there is no indication of such situation, and the widths of the vibrational levels of all the electronic states should be of similar order.
In fact, it should be taken into account that between 600 and 750 nm there is a high density of bound states of the three excited electronic states ͑see Fig. 11͒ . There are several crossings between the A and B states, Fig. 4 , which suggests the appearance of strong couplings between them, especially as a function of the angle. In this situation, the rovibrational levels of different electronic states will interact among them, giving rise to a broadening which may somehow distribute the absorption intensity according to the experiment. As stated earlier, a crude simple model in which R and r are fixed to their equilibrium values leading to one effective internal coordinate, ␥, is able to reproduce the main features of the spectrum. Here, for r e ϭ1.9 a.u. and R e ϭ3.41 a.u., the angular nonadiabatic coupling between the A and B states has been calculated using the finite difference method of Ref. 80 . These two states have been diabatized using the method of Simah, Hartke, and Werner, 81 giving rise to two new electronic states, labeled as ͉Z͘ and ͉X͘, in which the p orbital of the Li atom has a fixed orientation with respect to the HF axes. The BЈ ͑or equivalently ͉Y ͘) state is not directly coupled to ͉Z͘ and ͉X͘ by symmetry. However, when taking into account the nuclear motions such condition relax, because there are rotational functions with the two parities under total inversion of spatial coordinates, which for the electronic variables in the body-fixed frame transform in the reflection through the xz plane. In order to fully describe this coupling it is convenient to transform them to the electronic states ͉⌳͘ with well-defined projection of the electronic orbital angular momentum, ⌳, through the well-known expression
In this new representation the ͉Ϯ1͘ states are degenerate and cross with the ͉0͘ state, as can be seen in Fig. 13 . Within the reduced dimensionality approach, the bound states are expanded as tions were introduced by shifting the diagonal matrix elements of the Hamiltonian matrix by a value estimated comparing to the full calculations in the adiabatic representation. Individual line strengths were obtained as explained before, ''dressing'' each line with a Lorentzian function of 20 cm Ϫ1 , and the spectrum was obtained after averaging over an initial Boltzman distribution at 250 K. The resulting spectrum, in Fig. 14 , is compared with that obtained in the adiabatic representation to analyze the effect of nonadiabatic couplings, and with the experimental one. It can be observed, first, that this simple model is able to reproduce quite reasonably the main features of the spectrum, confirming that the bands can be assigned to bending progressions. Second, in the diabatic representation the relative intensity of the two bands of the spectrum is better represented, confirming the hypothesis that to get a better agreement with the experimental results nonadiabatic couplings should be taken into account. Of course, the frozen degrees of freedom are important to properly describe the density of states. As an example, the density of states in between the two bands is not properly described. Also, the first stretching excitation in the A state cannot be obtained in this model and, as a consequence, some of the peaks near the maximum of the A band are not present. However, the model is rather satisfactory, especially when its simplicity is considered. A more detailed study about this and the electronic predissociation nonadiabatic phenomena is now in progress. 78 It is interesting to note, in the experimental spectrum below 650 nm, the fact that the spacing between the peaks increases with decreasing wavelength is surprising and it was first attributed to different initial vibrational states of the LiHF(X) complex. In the present study, however, the assignment is different, being attributed to a bending progression of the BЈ state, as found before. 45 Even more, the sequences of peaks appearing in the spectrum can also be attributed to be mainly due to bending excitation in the different electronic states providing a very clear and simplified assignment.
V. CONCLUSIONS
A new atomic basis set has been determined for Li and H atoms which yields rather good atomic excitation energies as well as quite precise diatomic potential curves in several electronic states. In order to study the LiHF triatomic system, about 6000 ab initio points have been calculated in the A and AЈ representation of the C s point group. Four new global PESs, corresponding to the first four electronic states, have been individually fitted, with rather low rms error. The three excited surfaces have been shifted by 50 cm Ϫ1 to reproduce the experimental Li( 2 P← 2 S) excitation energy. Because of this shift, added to some other errors commented on above, the PES of the A state was corrected by a multiplying parameter which was introduced to better reproduce the experimental spectrum. 26 This parameter together with the experimental Li( 2 P← 2 S) excitation energy were the only non ab initio parameters introduced in the PESs presented here.
With these new PESs, the A,B,BЈ←X absorption spectrum of the LiHF has been simulated, and the results are in very good agreement with the experimental data of Hudson et al. 26 Very excited rovibrational states, near the first dissociation energy ͑below and above͒, were needed to simulate the spectrum. Two different methods have been used, one based in bound states and the second in wave packet calculations. Each of the methods present its own advantages and problems. The simulated spectra present a very good agreement with the experimental one 26 and several alternatives have been used to simulate the relatively high temperatures at which the complex was experimentally obtained. The structure of the spectrum was interpreted to be essentially a bending progression, with nearly no excitation of the stretching modes. Moreover, the bending energy separation of the B and BЈ states increases with increasing energy, due to the shape of the potential as a function of the internal angle. This fact has been nicely reproduced by a simple onedimensional model. Also, because of this unusual energy separation, the peaks at short wavelengths appearing in the experimental spectrum were first thought to be due to transitions from different vibrational states of LiHF in the ground electronic state. The simulation presented here, however, allows one to interpret and assign all those peaks to transitions to bending progressions in the excited electronic states, which energy spacings increase in the B and BЈ cases. The disagreement in the relative intensities of the bands of the spectrum has been attributed to nonadiabatic effects which are now being studied. 78 It would be desirable to get some more experimental data at lower temperatures to be able to separate the individual transitions and measure the lifetime of the individual excited states. Also, we are currently studying the electronic predissociation from the excited electronic states to determine not only the lifetimes as a function of the excitation of the different vibrational modes, but also to determine the branching ratio between the two rearrangement channel, HFϩLi and LiFϩH, in the ground electronic state. This information is expected to be crucial to understanding the role of nonadiabatic couplings in the reaction dynamics. Also, the introduction of these nonadiabatic couplings in the simulation of reactive scattering is expected to explain, at least partially, the disagreement between theory and recent experiments performed by Loesch and co-workers. 38 
